ä Rehabilitation programs, incorporating controlled exercise and progressive partial weight-bearing, are an important part of cartilage repair surgery and should be detailed in reports on operative techniques applied.
ä Malalignment, meniscal injury, and ligament deficiency should be corrected in a staged or concomitant fashion to reduce the overall likelihood of mechanical failure in cartilage repair surgery.
Articular cartilage has limited intrinsic capacity for repair 1, 2 . For symptomatic defects refractory to nonoperative management, operative intervention can provide both pain relief and functional improvement 3, 4 . However, practicing evidencebased surgery for the management of chondral defects can be difficult. This is in part due to the heterogeneity in conditions and patients included in studies in the literature as well as regional variation in treatment options approved for use in the clinical setting. Regardless of the intervention proposed, a comprehensive understanding of a patient's specific goals, in addition to a discussion of evidence-based management options, is required in all cases 5 . Furthermore, in addition to an understanding of the specifics of individual procedures or techniques described for replacing lost articular cartilage, an appreciation of cartilage imaging, the management of concomitant joint injury, and appropriate rehabilitation is an important part of this process 6, 7 .
Cartilage Imaging
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(e.g., spoiled gradient-recalled echo or fast spin echo) can show cartilage fissuring, delamination, and focal loss as verified by arthroscopy 9, 10 . Quantitative and semiquantitative cartilage imaging techniques are now available and include dGEMRIC (delayed gadolinium-enhanced MRI of cartilage), sodium-23 imaging, T1rho, T2*, and T2 mapping techniques 11 . In comparison with traditional MRI, which emphasizes morphology, these additional techniques help to evaluate cartilage composition. In broad terms, dGEMRIC, sodium, and T1rho are sensitive to proteoglycan content, while measurement of T2 or T2* relaxation times are sensitive to collagen architecture, specifically collagen orientation. Given that dGEMRIC requires the administration of intravenous gadolinium with a period of exercise to disperse the contrast material followed by a delay period, the use of T1rho and T2 relaxation mapping technique is often preferred 12 . T1rho is effective in detecting early cartilage degeneration and determining progress in cartilage repair following intervention [13] [14] [15] [16] [17] . To assess the collagen orientation and free water content of repair tissue, T2 mapping techniques can be used. Individual pixel T2 values may be demonstrated on a dynamic color map that is overlaid onto a grayscale morphologic image, producing a T2 map that shows a visual representation of water content and collagen fiber orientation (Fig. 1) . T2 mapping demonstrates alterations in zonal stratification and areas of early osteoarthritis even before changes can be detected on traditional MRI sequences or radiographs 18 . The application of these various imaging techniques may be complementary.
Chondroprotection
Chondroprotection typically refers to the prevention or delay of progressive articular cartilage degeneration occurring through inflammatory, degenerative, and/or metabolic imbalances in the tissue. Disease-modifying osteoarthritis drugs attempt to manipulate chondrocyte metabolism and the pathways involved in cartilage matrix degradation 19, 20 . Such drugs include P188 (Figs. 2-A, 2-B, and 2-C), anti-apoptotic agents, caspase inhibitors, glucosamine, risedronate, doxycycline, growth factors, plateletrich plasma (PRP), cyclooxygenase inhibitors, and chondroitin sulfate [21] [22] [23] . Overall, however, results of published studies have been mixed, with little substantial clinical validation of the benefit of drugs used to date.
Mechanical factors also play a role in gradual cartilage loss and can therefore be a target for non-pharmacological forms of chondroprotection 19 . Altered mechanics affect the physiology and biochemistry of cartilage. Furthermore, when mechanical abnormalities are present to an advanced degree, the effect of a potentially chondroprotective drug on cartilage will only have a minor effect on the joint. Chondroprotection may therefore also require operative intervention, such as intraarticular fracture reduction, meniscal repair or replacement, corrective osteotomy, or ligament reconstruction, to enhance joint stability or improve kinematics and cartilage loading. Ongoing studies should provide further information on the benefits of chondroprotection. For example, the goal of the Early ARthritis THerapies (EARTH) multicenter clinical initiative is to evaluate acute interventions following severe joint injuries, such as anterior cruciate ligament (ACL) tears or 
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T 19, 2014 intra-articular fractures, as strategies to delay or prevent the onset of posttraumatic osteoarthritis 24 . The underlying hypotheses are that joint injury initiates a series of events resulting in more rapid joint degeneration that culminates in early disabling osteoarthritis, and that early intervention prior to the development of irreversible changes may modify the disease course. Successful chondroprotective strategies will likely require input from many disciplines to further develop and validate quantitative imaging, biomechanical measures, and biomarkers of joint structure, composition, and function that predict the accelerated development of osteoarthritis. This input will play an important role in defining the benefit of both pharmacological and operative chondroprotective strategies, and the appropriate timing of intervention. 338
Bone Marrow Stimulation and Biological Augmentation of Microfracture Bone marrow stimulation and microfracture techniques, which encourage the formation of fibrocartilage from host subchondral bone marrow cells, have been well described 3, 4 . A recent systematic review of twenty-eight studies with >3000 patients found that knee function was consistently improved in the first twenty-four months after microfracture in the patients studied 25 . After two years, knee function scores remained above preoperative levels but declined; only 67% to 85% of patients continued to report improvement in the two to five-year time frame. It was also noted that shortcomings of the microfracture technique included limited production of hyaline cartilage, unpredictable repair cartilage volume, and higher failure rates for cell transplantation surgery following failed prior microfracture compared with patients in whom similar cellular treatments were used as first-line options 25 . As with many cartilage repair studies, the systematic review was limited by the quality of the studies available in the literature. These studies were affected by patient heterogeneity and study design; most studies failed to differentiate between femorotibial and patellofemoral lesions, and many also failed to exclude patients undergoing concomitant meniscal or ligamentous procedures.
There is growing evidence that modification or augmentation of microfracture may improve the quality of the repair tissue formed and ultimately the clinical outcome for patients [26] [27] [28] . Techniques to facilitate the availability of cells (i.e., stem cells) and/or availability of individual growth factors (i.e., PRP), from either endogenous or exogenous sources, with or without additional scaffold material, has a potential benefit that may be better defined through high-quality clinical studies [29] [30] [31] . For example, in an equine model, delivery of bone marrow aspirate concentrate to augment microfracture resulted in healing of acute full-thickness cartilage defects that was superior to that after microfracture alone 29 . Randomized controlled clinical studies are required to evaluate the potential of such options in patients. However, it is important that clinical studies utilizing such technology are performed with the level of rigor required for the U.S. Food and Drug Administration. Biological products must be clearly defined. For example, cell-concentrating techniques differ in the makeup of the final product depending on the individual system used. Furthermore, the final product can differ between patients and even between different time points in the same patient. It is important, therefore, that all cellular concentrates or related products that are used as biological augments in cartilage repair are fully characterized. If this can be done, biological augmentation of microfracture may represent an important step toward an applicable point-ofcare or off-the-shelf solution that is low in cost. At the present time, it is believed that marrow stimulation techniques are best reserved as a first-line option for isolated defects of <2.5 cm 2 on the femoral condyles. Biologic augmentation techniques may broaden these indications and improve longterm outcomes.
Cell-Based Options
Cell-based options attempt to repair hyaline cartilage defects with chondrocyte or stem cell implantation. Autologous chondrocyte implantation has had good clinical results (patient satisfaction and clinical examination) at a mean of thirteen years after implantation 32 . Some studies have shown that prior bone-marrow stimulation and opposing chondral lesions lead to a higher risk of failure, while others have demonstrated satisfactory outcomes in both these patient groups and also patients affected by early osteoarthritis, patellofemoral defects, osteochondral lesions, and osteochondritis dissecans [33] [34] [35] [36] . Periosteal patch hypertrophy was a concern in first-generation autologous chondrocyte implantation but has been reduced by the use of a type-I/III collagen membrane. Ultimately, however, it remains an issue that autologous chondrocyte implantation requires two separate operative procedures with an intervening period of cell culture. This creates substantial cost and inconvenience at a clinical level, in addition to a propensity for chondrocytes to dedifferentiate toward a fibroblastic phenotype during culture. Characterized chondrocyte implantation has been developed in an effort to select cells with a stable chondrocyte phenotype, but further studies are required to verify the clinical benefits of this approach 37, 38 . However, a recent study evaluating fifty-one participants treated with characterized chondrocyte implantation and sixty-one treated with microfracture, all of whom were undergoing operative intervention at less than three years after symptom onset, found that characterized chondrocyte implantation obtained significantly and clinically better results than microfracture (p = 0.026) and that delayed treatment resulted in less predictable outcomes for characterized chondrocyte implantation 38 . These data suggest that early intervention with cell transplantation (rather than reserving it as a second-line option for failed bone-marrow stimulation) may increase the likelihood of a good outcome 38 . Matrix-assisted autologous chondrocyte implantation and related techniques are second-generation forms of cell implantation that provide a three-dimensional structure for cell adhesion, proliferation, and matrix production 39 . Cultured autologous chondrocytes are seeded onto the surface of a biodegradable type-I/III collagen membrane or similar scaffold. Implantation may be performed through minimal exposure or even arthroscopic techniques. Although current literature suggests that procedures using three-dimensional scaffolds are safe, both matrix-assisted autologous chondrocyte implantation and alternative cell-scaffold techniques are still only available for use outside the U.S. because of variations in their regional regulation. In addition to the growing use of scaffolds to augment chondrocyte transplantation (differentiated cells), there is ongoing interest in applying alternative (undifferentiated) cell sources. For example, some data exist to support a role for mesenchymal stem cells derived from bone marrow, synovium, or other sources to produce sufficient autologous or allogeneic cells suitable for use in a single-stage operative intervention [40] [41] [42] . While there are limited clinical data available, phase-I and phase-II clinical trials are underway. Finally, as data to support cell transplantation continue to grow, current literature suggests that chondrocyte or other cells may be best reserved as a second-line option behind microfracture for lesions of <2.5 cm 2 and as a primary option for larger defects. The ease of use of matrix or scaffold-cell techniques may be preferable in countries where they are currently approved.
Chondral and Osteochondral Grafts
Minced cartilage autograft and particulated juvenile cartilage allograft have now also been reported as grafts for chondral repair 43, 44 . Both techniques demonstrate that transplanted cartilage cells migrate from the extracellular matrix, proliferate, and form a new hyaline-like cartilage tissue matrix that integrates with the surrounding host tissue. The techniques for minced or particulated grafts are relatively straightforward and have the benefit of requiring just one surgical procedure. Shortterm (two-year) studies have demonstrated the procedures to be safe and effective, with improvements in subjective patient scores and MRI evidence of defect fill 43, 44 . Clinical experience is limited, however, and given the long-standing belief that integration requires osseous contact, the long-term survival and integration of the graft with host tissue should be monitored closely.
Osteochondral autograft plugs and mosaicplasty (smaller osteochondral autograft plugs) provide a complete, living osteochondral unit and are attractive because of the integrative properties of autogenous bone compared with cartilage alone 45 .
Harvest site morbidity remains a concern, but studies have shown good to excellent outcomes at up to five years following surgery 45 . Limitations of osteochondral autograft studies include small sample sizes and retrospective design, but they do offer an important option in smaller lesions (<3 cm 2 ) extending into the subchondral region. Fresh osteochondral allografts are a suitable treatment option for larger chondral defects, especially when there are related abnormalities of underlying bone 46 . The literature demonstrates their efficacy both in the form of primary intervention and for salvage of failed prior attempts. Good long-term survivorship of 82% at ten years, 74% at fifteen years, and 66% at twenty years has recently been reported for 122 patients (129 knees) who underwent osteochondral allograft transplantation of the femoral condyle 47 . Poorer results were found for older patients, bipolar and patellofemoral lesions, and corticosteroid-induced osteonecrosis. In all cases, it is recommended that allografts contain the least amount of bone possible to minimize the risk of osseous collapse or insufficiency fractures resulting from incomplete osseous incorporation due to the slow process of creeping substitution.
The production of off-the-shelf natural or synthetic scaffolds, with suitable cells included, remains attractive. Overcoming the regulatory process for approval of osteochondral tissueengineered products is not easy. It is estimated that it may cost up to $500 million to bring a new biological option to the market in the U.S. Acellular options, such as biphasic osteochondral scaffold plugs, have now been available for some time. However, recent studies on a biphasic plug have noted concerning findings with regard to both clinical outcomes and structural analysis, with the finding of fibrous repair tissue and foreign-body giant cells at the defect site at the time of revision surgery 48 . In contrast with these findings, another study with MRI at later time points has suggested that integration of these scaffolds may improve following a period of greater than one year or more 49 .
Randomized Controlled Trials
Comparative outcomes between cartilage repair techniques are difficult to interpret because of heterogeneity between and within study groups. There are also concerns relating to potential conflicts of interest or bias in the literature. While it is impossible to review all comparative data in the present report, some studies may provide useful information for decision making (Table I 50 -57 ). For example, Krych et al. showed that athletic activity levels are higher after osteochondral autograft transfer mosaicplasty than after microfracture for articular cartilage defects of the knee 45 . Bentley et al. reported a controlled randomized study of 100 patients with ten-year follow-up comparing autologous chondrocyte implantation with osteochondral autograft transfer for the treatment of large chondral lesions (>2 cm 2 ) 50 . Patients treated with autologous chondrocyte implantation did significantly better and had a lower rate of failed repair (17% versus 55%; p < 0.001). Interestingly, the pattern of failure was different for the two groups. The group that had autologous chondrocyte implantation showed a low steady failure rate across the ten years, while the mosaicplasty group remained relatively satisfactory for the first two years, and then experienced a steep failure rate over the next two years with a suggestion of leveling out thereafter 50 . Crawford et al. compared a tissueengineered cartilage (autologous chondrocyte-three-dimensional matrix tissue implant) with microfracture for the treatment of similarly sized chondral lesions of the femoral condyle 51 . There were twenty-one patients in the implant group and nine in the microfracture group. At twenty-four months postoperatively, they reported better outcomes for the patients treated with the implant. They also found that 79% of the implant group responded to the treatment compared with 44% of the microfracture group. The study was limited by the size of the sample. Cole et al. compared minced autologous cartilage fragments with microfracture for the treatment of chondral lesions of the femoral condyle or trochlea 52 . At twenty-four months of follow-up, patients treated with the cartilage fragments did substantially better than those with microfracture. MRI did not find a significant difference between the groups. Other randomized controlled trial data from the past three years are shown in Table I 50-57 . Studies of this nature, but with longer follow-up data, will hopefully guide future care in the field.
Rehabilitation
There remains a relative lack of understanding of the optimal rehabilitation program for cartilage repair procedures [58] [59] [60] . Developing an evidence base for recommendations requires accurate reporting and use of well-defined protocols. Programs incorporating controlled exercise and progressive partial weight-bearing should be adhered to, given the increased awareness of the role of mechanobiology in tissue repair and regeneration 60 . While cellular therapies have traditionally been associated with more conservative protocols than microfracture, it has been shown that an accelerated, structured, matrix-assisted autologous chondrocyte implantation protocol over eight weeks (versus the traditional twelve weeks) is not only safe but also provides comparable, if not superior, clinical outcomes for patients throughout the postoperative timeline at up to five years postoperatively 59 . Well-defined accelerated programs may also be valid in other cartilage restoration strategies. It will be helpful to the field if ongoing and future studies and registries can record accurate and detailed rehabilitation data. Further information about the effect of mechanical load on chondrocyte biology will also be needed to provide objective evidence to guide rehabilitation prescription. This is a growing area of basic-science research, and improved communication and translation between bench and bedside will likely be of benefit to patients.
Patient characteristics are also important; expectations and focus may differ between the professional athlete and the weekend and/or recreational athlete. Mithoefer et al. noted that rehabilitation should take into consideration the biology of the cartilage repair technique, the characteristics of the cartilage defect being treated, and each athlete's sport-specific demands to optimize functional outcome 60 . Structural factors such as knee alignment and meniscal status should also be considered. Systematic, stepwise rehabilitation with criteriabased progression is recommended for an individualized rehabilitation of each athlete 60 . This is not only to achieve initial return to sport at the preinjury level but also to continue sports participation and reduce the risk for reinjury or joint degeneration.
Restoration of Mechanical Environment
While a visible injury to the articular surface is an obvious target for treatment, meniscal deficiency, malalignment, and instability should be identified and corrected in a staged or concomitant fashion to reduce the likelihood of mechanical failure of articular repair techniques. Injured or deficient menisci should be repaired or replaced when necessary. Meniscal allograft transplantation, the only form of meniscal replacement surgery available in the U.S., can yield fair to excellent results (in terms of symptom relief) at up to ten years following surgery 61 . However, current data suggest that it does not alter the natural history of the knee and that degenerative change continues 62 . Although not available in the U.S. at the present time, additional options for partial meniscal replacement are available in Europe and other regions. For example, a collagen meniscal implant has recently had favorable subjective outcomes at up to ten years as a partial meniscal replacement, while a biodegradable, polyurethane scaffold has now shown safety and good clinical efficacy two years after implantation [63] [64] [65] . As these or similar options are further developed, and possibly augmented with exogenous cells or growth factors to enhance scaffold-meniscus integration and matrix formation, their impact on the field of cartilage repair is likely to increase.
It has been noted that restoration of a neutral biomechanical environment may be the single most important factor contributing to the success of any cartilage repair procedure 3, 4 . Malalignment is most often corrected with medial openingwedge high tibial osteotomy (varus malalignment) or a lateral opening-wedge distal femoral osteotomy (valgus malalignment). Alignment of the patella and patellofemoral tracking is also critically important when managing patellofemoral defects; it has been noted previously that it is often best to make minor adjustments to a number of sites rather than attempt to solve the problem by addressing only one issue 4 . Ligament deficiency is also of concern; it has recently been shown that all ACL tears are associated with transchondral fractures of varying severity, with progression in cartilage deterioration over time 16 . Alterations in normal knee kinematics shift loading from cartilage regions adapted for loading to regions less well suited for loading. Furthermore, delays in ACL reconstruction independently lead to increased risk of meniscal and articular cartilage injury, with a substantial percentage of injuries occurring very early in the ACL-deficient knee 66 . This problem provides a strong rationale for early intervention to provide stability in the ligament-deficient knee. As methods for detecting subclinical abnormalities in cartilage become increasingly robust, it is possible that the evidence for relationships among ACL-deficient or ACL-reconstructed states, low-grade cartilage injury, and progression of osteoarthritis will become clearer.
Clinical Planning
Patient and defect-specific variables are important factors when considering clinical intervention for chondral defects 3 . Understanding and addressing the concerns and goals specific to any given patient is critical to achieving a successful outcome from that patient's perspective. Knowledge of the specific marginal improvements that an individual procedure can provide can give the patient a reasonable expectation regarding his or her outcome and facilitates a properly informed consent process. Although chondral lesions are seen in >60% of knee arthroscopies, many patients are asymptomatic [1] [2] [3] [4] . This group represents a growing dilemma, as these lesions may or may not progress to symptomatic and/or further degenerative change. In turn, early intervention may be warranted in high-risk subgroups if they can be identified [1] [2] [3] [4] . At the present time, however, surgery for asymptomatic lesions does not represent the standard of care.
Cartilage surgery must focus on both restoration of organ level mechanics and address defect-specific variables, including defect location, number, size, depth, geometry, condition of subchondral bone and surrounding cartilage, and the degree of containment. The difficulty in this process was again recently demonstrated in a study highlighting the high variability in sizing of knee cartilage defects 67 . However, both organ and defect characteristics, in addition to patient age, body mass index, symptom type, occupation or family commitments, risk aversion to subsequent surgical procedures, response to previous treatments, and rehabilitation after previous surgical treatments, are all important preoperative considerations. While chronologic age is often cited as a relative indication or contraindication to cartilage repair, it is really physiologic age that determines the patient's eligibility for a non-arthroplasty solution. Typically, patients who become symptomatic after the fourth or fifth decade of life have concomitant chondral and subchondral disease in opposing articular surfaces that precludes a biologic treatment option. Furthermore, the results of partial and total knee arthroplasty, even in relatively young patients, are associated with more predictable outcomes.
Clinical Research and Registry Data
Despite the development of new cartilage repair procedures, the quality of the existing clinical evidence is limited 68 . The impact of comorbid pathology and related intervention is difficult to analyze reliably. The process is also affected by difficulties in enrollment, diverse methodology in surgery, outcome measures, outcome instruments, inadequate follow-up, strict government guidelines, varying regulatory environments, and the numerous inherent potential biases faced by investigators. However, the International Cartilage Repair Society (ICRS) noted that clinical trial databases of ongoing trials document a trend suggesting improved study designs and clinical evaluation methodology 69 .
Detailed methodological recommendations and a consensus statement were developed by the same ICRS study group for the statistical study design, patient recruitment, control group considerations, study end point definition, documentation of results, use of validated patient-reported outcome instruments, and inclusion and exclusion criteria for the design and conduct of scientifically rigorous cartilage repair study protocols. Clinicians involved in cartilage repair and transplantation surgery should be aware of these guidelines and utilize cartilage registries so that high-quality data may be reported in an effort to facilitate evidencebased decision making in the future. n
